Summary.-Single cell suspensions of two allogeneic tumours (W-256 and Y-P388) injected intravenously produced macrocolonies in the lungs of rats. Colony forming efficiency (CFE, the number of colonies produced by each viable cell injected) was low in 6-week or older rats but was markedly increased by 1000-1500 rad local thoracic irradiation (LTI) given 7-14 days before the tumour cell injection, or by antilymphocytic serum (ALS) but not by sublethal whole body irradiation (WBI). Similarly, LTI increased the incidence of pulmonary metastases produced by a solid tumour growing in the leg muscle. Stimulation of CFE by LTI was a strictly local phenomenon and not due to effects of irradiation on thymus, spleen or other tissues of the rat. LTI failed to increase CFE in immunized rats. It is concluded that (1) LTI stimulates clonogenic growth of tumour cells arrested in the lungs, by causing inflammatory reactions accompanied by regenerative cellular proliferation of lung tissue, which increases the " plating " efficiency of tumour cells, (2) the increase in CFE in lungs is not due to suppression of immunity to tumour growth by LTI. ALLOGENEIC Y-P388 or W-256 tumour cells injected intravenously produced tumour macrocolonies in the lungs of the rat after 7 days growth (van den van den Brenk, Sharpington and Orton 1973) . Colony forming efficiency (CFE) was highest in weanling rats, particularly if sublethal whole body irradiation (WBI) or heterologous antilymphocytic serum (ALS) had been given to suppress immunity. CFE decreased rapidly and markedly in immunologically intact rats with increase in age of host. This decrease in CFE with age could be lessened by ALS but not by WBI. However, local irradiation of the lungs of older rats did increase CFE. This paper describes the " conditioninig " effect of local pulmonary irradiation of increasing " take " and clonogenic growth of tumour cells in the lungs, and notes that this effect depends on radiation dosage, as well as on the interval in time elapsing between irradiation and inoculation. The effects of local lung irradiation in immunized and immunosuppressed rats on CFE are described and the incidence of spontaneous pulmonary metastases produced by growth of Y-P388, and W-256 tumour cells transplanted to the leg muscle of rats with unirradiated lungs, are compared with the incidence of metastases in rats with irradiated lungs. Since growth of allogeneic tumours is influenced greatly by age, nutrition and immunological functions of the host, the concomitant effects of the various treatments on body weight and weight of thymus and spleen are described in some detail.
MATERIALS AND METHODS
Passage and inoculation of Y-P388 and W-256 tumours in Caworth Farm Strain SPF rats used in these experiments, and the various techniques used to measure tumour cell viability, administer whole body irradiation, prepare heavily irradiated (HR) cells, measure growth of metastases and assay tumour macrocolonies, have already been described (van den Brenk, Moore and Sharpington, 1971; al., 1973) .
Local irradiation techniques.-The rats were anaesthetized with 36 mg of pentobarbitone sodium (Nembutal) per kg body weight, injected intraperitoneally. Three rats were placed side by side on their backs on a special perspex platform, covered with 2 mm thick lead and taped down over an oblong aperture measuring 15 cm wide and 5 cm deep cut out of the centre of the lead sheet. Two additional sheets of lead were arranged and fixed in position so that the depth of the aperture could be decreased by the distance required for the thorax of each rat to be framed by the aperture, parts of the body cranial to the manubrio-sternal notch and caudal to the xiphisternal junction respectively being shielded by lead sheeting from below. A second, identical sheet of lead with the same aperture was placed in position to cover the rats. It was supported by 6 aluminium pillars of equal height fixed to the lower platform. The height of the pillars was chosen such that the top sheet made light contact with the ventral body surface skin of the rats. The entire assembly was mounted horizontally between two vertically opposed x-ray sources with synchronized shutters which were operated at 215 kV, 15 mA and HVL 1 mm Cu. The dose rate in tissue, uncorrected for differential absorption due to air or bone, was 304 rad min-1. The same set-up was used to irradiate the head of each of 3 rats simultaneously, by placing each rat so that the whole of the head and neck above the level of the sternal notch was framed by the apertures. In order to irradiate the thymus alone, or the lungs alone with the thymus shielded, each rat was placed on its side with the thorax exposed through the apertures. Additional pieces of 2 mm thick lead sheet were carefully placed in position above and below each rat to shield areas of the chest wall containing most of the lungs or the thymus respectively. In 2 rats, either the right or left lung (hemithorax) was irradiated by carefully positioning pieces of lead in the same way to shield either left or right half of the chest. In this experiment separate colony counts were made for each of the 4 right lung lobes and for the left lung. The inner edge of the lead shielding transected the centrally situated post-caval lobe of the right lung (see Results). In all other experiments the number of surface tumour colonies present on all 5 lobes when rats were killed 7 days after intravenous injection of tumour cells were pooled to calculate CFE.
ALS. Two batches of heterologous rabbit-anti rat lymphocytic serum (ALS) were used which were purchased from Burroughs Wellcome Ltd. Tests made on each batch using 100 g rats showed that 0 5 ml of ALS injected intravenously reduced circulating blood mononuclear leucocytes to < 10% of normal values in 24-48 hours.
RESULTS
1. CFE in lungs of weanling rats-relative effects of whole body or thoracic irradiation given <4 hours before or after injection of tumour cells
Three-week old weanling rats were all injected intravenously with 5 x 103 W-256 cells. The effects of single doses of 0-300 rad WBI or LTI given <4 hours after injection were compared with 0-300 rad WBI given before injection (Fig. 1) .
(a) The radiation dose-effect curves for reduction in the tumour colony counts were similar in shape and slope for WBI and LTI given after inoculation. They followed the same general pattern obtained for irradiation of mammalian cells in vitro or in vivo (see Elkind and Whitmore, 1967) . Tumour colony growth in lung caused increases in lung weight. The dose-effect curves for WBI and LTI on lung weight were also similar; the same applied to thymus weight. LTI caused less reduction in body growth and in spleen weight, since the irradiation was confined to the thorax.
(b) WBI given <4 hours before injection caused a dose dependent increase in number of macrocolonies and lung weight. In a separate later experiment, 0-400 rad LTI given <4 hours before injection had no significant effects on colony number or lung weight in 3-week old rats (data not shown in Fig. 1 ). WBI given shortly before inoculation decreased CFE in 3-4 week old rats but this effect, 2. CFE in lungs after injection of tumour cells in older rats given both WBI and LTI Since CFE decreased rapidly during the fourth to fifth week of age of rats, even if sublethal WBI had been given shortly before injection of tumour cells to suppress immunity, the effects of supplementing WBI with LTI on CFE were examined. Three groups of [5] [6] week old rats were all given 570 rad WBI <2 hours before injecting 1 x 103 Y-P388 cells. In addition to WBI, each of 2 groups had been given 1000 rad LTI 10 days and 24 hours before injection respectively. LTI increased CFE in lungs (Table I ). This effect was greater when an interval of 10 days elapsed after LTI and before inoculation. The increases in lung weight produced by LTI were due largely to radiation reactions in the lungs (see below) and were not accounted for by tumour growth.
The effect of LTI in increasing CFE in older rats was due to the absorption of radiation by pulmonary tissues and not by the thymus. This was shown by an experiment in which CFE was measured in 6 groups of 3-week old rats injected intravenously with 3 x 102 W-256 cells, which had been given either (1) no treatment, (2) 570 rad WBI, (3) 0 5 ml ALS, (4) 1500 rad to thymus with lungs shielded, (5) 1500 rad to lungs with thymus shielded, or (6) 1500 rad to the entire thorax (Group A I-VI; Table II) respectively, <30 min before injection. Immunosuppression (WBI or ALS) caused marked increases in CFE; local irradiation of thymus alone had no significant effect but LTI and irradiation of lungs with thymus shielded caused modest increases in CFE. When a replicate 6 groups of rats which had been given these various treatments at 3 weeks of age were left for a further 2 weeks before they were injected with tumour cells (Group B I-VI) (a) (b) FIG. 3 . Photographs of unfixed lungs assembled in dishes, which were removed 7 days after intravenous injection of 103 W-256 cells: (a) 6-week old female rats given 570 rad WBI 24 hours preceding inoculation; (b) 6-week old female rats given 1000 rad local thoracic irradiation 7 days preceding inoculation. 
Quantitation of CFE in irradiated lungs
It has been shown previously (van den Brenk et al., 1973 ) that a quantitative relationship exists between the number of tumour cells injected intravenously (N) and the number of macrocolonies produced in the lungs (NL) of weanling rats given by NL -kN°w here 0 and k are constants. Such an assay was performed in " age resistant " 60-65 day old female rats given 1500 rad LTI 14 days before injection of W-256 tumour cells. CFE was compared with that in immunosuppressed weanling rats given sublethal WBI 24 hours before inoculation (Fig. 2) . The relationship for LTI was linear but the slope (0 0.8) somewhat less than that (0 = 0.94) obtained previously (van den Brenk et al., 1973) in weanlings given WBI. However, CFE after LTI was almost one hundredfold higher than in unirradiated rats of the same age. Rats killed 21 days after LTI showed marked increases in lung weight, which were independent of NL and consequently cannot be attributed to tumour growth but to radiation reactions. A small amount of straw coloured pleural effusion was usually present 10-14 days after 1500 rad LTI had been given to 5 week or older rats. The amount of this effusion was greatly increased by tumour growth a phenomenon of considerable clinical importance which is comnmonly observed in human cancer but which has not been reported on in small experimental animals.
G[rowth of tumour was associated with marked increase in weight of the spleen, both in unirradiated and LTI groups.
Even more marked increases in CFE were produced by LTI in " age resistant " older rats, if the radiation dose was reduced to 1000 rad and the interval between irradiation and inoculation reduced to 7-8 days (Fig. 3) . Enhanced colony formation was confined to those parts of the lung which were exposed to radiation (Fig. 4) . In this experiment, most tumour colonies which had developed in the unirradiated lung were situated near the midline where inore scattered irradiation from the unshielded, irradiated hemithorax lhad been absorbed. For similar reasons, counts in the centrally situated post caval lobe of the right lung were high and not significantly different in the two rats.
Effect of LIX dosage on (RFE
The results of two experiments concerned with the relationship between the dose to the thorax and C'FE in rats injected intravenously with a x 102 W-256 cells 7 days after LTI are shown in Fig. 5 . CFE rose very sharply with inierease in dose to a maximum value at 500-1000 rad. Further increase in dose caused XL to decrease somewhat. Thymus and body weights decreased with increase in LTI dose. The weight of spleen increased (see below) and was not affected significantly by increase in radiation dose. LTI caused dose-dependent increases in lung weight and straw coloured pleural effusions were present in rats when the dose given exceeded 1000 rad. 1500 rad was given to determine the effect on CFE of increasing the LTItumour inoculation interval (AT), keeping constant both the radiation dose and the number of tumour cells injected. The groups given 1500 rad to head and neck only were used as controls, test groups received 1500 rad to thorax. Fig. 6 shows that CFE for LTI groups increased very steeply with increase in AT from 6 to 12 days. Thereafter, LTI declined equally rapidly; the stimulating effect of LTI had almost disappeared at 21
days. CFE for test and control groups
were not significantly different 42 days after irradiation. Head and neck irradia- Table III ). When 570 rad LTI was given at 3 weeks of age, the dose was insufficient to stimulate CFE when rats were inoculated 0-14 days later as shown in Fig. 7 . However, in 20-day old rats when the two treatments were combined (570 rad VBI plus 570 rad LTI, cumulative dose to lungs 1140 rad) and the rats injected 10 days later, a marked increase in CFE was induced; the increase was greater than that after 1000-1750 rad LTI given alone (Fig. 7) . This finding suggests that a synergistic, rather than additive, action had resulted which involved an interaction of suppression of open symbols) (6 rats per point).
labellinig of lung tissue DNA much more rapidly than LTI (to be published).
Mletastases in irradiated lungs
W-256 or Y-P388 tumour cells were transplanted intramuscularly into the right calf muscle of 5-week old female rats. Growth of the primary tumour transplants and of metastases which developed in regional lymph nodes and lungs in unirradiated animals were compared with those in (i) rats with lungs given a single dose of 1000 rad 7 days preceding transplantation and (ii) rats given-570 rad WBI 24 hours preceding tumour transplantation (Fig. 9 andc 10) .
(a) Y-P388. This tumour grows rapidly at the site of inoculation and metastasizes rapidly along lymphatic pathways to form solid haemorrhagic nietastases in ipsilateral crural (CN), lower abdominopelvic (PN) and upper abdominal (UAN) lymph nodes. Cells which enter the thoracic duct are carried in the venous blood to the lungs, where the arrest and growth of these cells produces discrete macrocolonies within 7 days . The weights of individual lymph node metastases and number of lung colonies respectively are quantitatively related to the number of tumour cells transplanted and to the weight of the primary tumour.
Local irradiation of the lungs had no significant effect on rates of growth of primary tumour and lymph node metastases but caused significant increases in pulmonary metastases ( Fig. 9 and 10 ). (Milas and Withers, 1970; Brown, 1971) is maximal, but higher doses (< 1500 rad) used by us reduced CFE (Fig. 5 and 7) . Also, we have been unable to obtain histological evidence that lung macrophages decreased in number after ETI or that macrophage function was depressed when CFE had increased, namely 7 or more days after 1000 rad, or within 48 hours after WRBI or ALS had been given (vaIn deilBrenk et al., 1973 rapidly growing organs of younger growing animals. Their growth promoting action in raising CFE is considered to be similar in nature to that of " feeder " cells in vitro and the high CFE obtained in lungs of weanling rats also is considered to depend largely on increased concentrations of GSS present in less mature, more rapidly growing tissues (van den Brenk and Sharpington, 1972; van den Brenk et al., 1973) .
It seems highly probable that a high proportion of tumour cells which enter the blood stream of humans and other mammals with neoplastic disease may fail to produce metastases. This may be due to surveillance mechanisms which actively destroy tumour cells (e.g. immunity) but may also be due to an inability of cells to " thrive " in foreign tissues, where the biochemical milieu fails to provide the factors essential for their establishment and growth. In younger animals, tumour transplants often grow better and tend to spread more rapidly and produce overt metastases more readily. Incompletely developed immunological functions in younger animals may contribute to this situation, particularly if tumour and host are immunologically incompatible, but other physiological factors also seem to be involved and may play a significant role in the "destruction " of circulating tumour cells.
The fact that irradiated lung tissues are better able to support growth of single cancer cells raises the important question of the possible enhancement of pulmonary metastases (and indeed metastases in other organs) by local irradiation in the human. Attention has been drawn to increased frequency of metastases in patients receiving radiotherapy for breast or lung cancer Russell, 1959, 1962) . Other surveys (Bond, 1967; Fisher et al., 1971) have suggested that post-operative radiotherapy for breast cancer increases the incidence and rates of development of metastases in neighbouring organs. The mechanism involved has most frequently been considered to be suppression of tumour autoimmunity by irradiation. However, further studies seem warranted, based on the notion that nutritional requirements for clonogenic growth of cells of different tumours may vary, and that the physiological and pathological condition of a target tissue may determine its capacity to meet these requirements.
